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Growth as a biofilm facilitates the emergence of antibiotic resistance by mutation in Staphylococcus aureus. Here we demon-
strate that biofilm growth of this species also dramatically increases horizontal transfer of plasmid-borne antibiotic resistance
determinants by conjugation/mobilization and that standard laboratory practices to induce conjugation in staphylococci
achieve optimal efficiency owing to the presence of a biofilm.

The important human pathogen Staphylococcus aureus often
forms biofilms on biological and inert surfaces during infec-

tion. Biofilms present considerable challenges to the successful
eradication of staphylococcal infection in patients since they act to
protect bacteria from the effects of both the host immune system
and antibacterial drugs (1). We have recently established that
staphylococci resident in biofilms exhibit increased mutability,
thereby accelerating the emergence of heritable antibiotic resis-
tance through spontaneous mutation (2). Here we show that the
biofilm mode of growth also dramatically increases the ability of S.
aureus to acquire/disseminate plasmid-borne antibiotic resistance
determinants by horizontal gene transfer.

Our decision to investigate resistance plasmid transfer in
staphylococcal biofilms stems from two published observations.
First, there is evidence that biofilms cause some promotion of
horizontal plasmid transfer in other bacterial species (3, 4), al-
though this phenomenon has to our knowledge not been docu-
mented in the staphylococci. Second, it is well established that
conjugal transfer in S. aureus is optimal when the organism is
applied to a surface (5, 6); since this represents a situation under
which a staphylococcal biofilm is likely to form, we reasoned that
the high frequencies of horizontal plasmid transfer observed un-
der these conditions might be attributable in part to biofilm for-
mation. Throughout these studies, we employed the prototypical
conjugative multidrug resistance plasmid pGO1 (7) and the mo-
bilizable plasmid pC223 (8). Donor strains ( Table 1, strains with
the suffix “D”) were generated by transforming S. aureus SH1000
(9, 10) and UAMS-1 (11) with these plasmids by electroporation.
To produce recipient strains (Table 1, strains with the suffix “R”),
rifampin- and novobiocin-resistant mutants of S. aureus SH1000,
SH1000�sigB, and UAMS-1 were generated. Table 1 provides a
list of strains and selection conditions.

Cultures for conjugation or mobilization studies comprised
equal numbers (3 � 108 CFU) of donor and recipient strains in
brain heart infusion broth (BHB) at 30°C. Conjugation experi-
ments in planktonic culture were conducted without shaking. For
standard filter mating, donors and recipients were mixed, applied
to nylon membranes (diameter, 13 mm; pore size, 0.2 �m; What-
man, Maidstone, United Kingdom) using Swinnex syringe-driven
filter holders (Millipore, MA), and incubated on brain heart infu-
sion agar (BHA). Postincubation, bacteria were harvested by vig-
orous agitation of filters in phosphate-buffered saline by vortex
mixing. Biofilm cultures were generated using the cellulose disk
static biofilm model (2). Briefly, mixtures of donor and recipient

bacteria were applied to cellulose disks presoaked in human
plasma (4% [vol/vol] in 500 �M carbonate-bicarbonate buffer)
and incubated on BHA. During long-term growth of biofilms,
human plasma was reapplied to the filters every 48 h. Postincuba-
tion, bacteria were detached from the disks using buffered cellu-
lase (1 mg/ml in 0.05 M citrate buffer). To determine conjugation
and mobilization frequencies, transconjugants, recipients, and
donors were individually enumerated by plating onto Mueller-
Hinton agar (MHA) containing appropriate selective agents (Ta-
ble 1). Conjugation frequency was defined as the number of pGO1
transconjugants per donor, mobilization frequency was defined
as the number of pC223 transconjugants per donor, and mobili-
zation efficiency was defined as the number of transconjugants
containing both pGO1 and pC223 per pGO1 transconjugant. Sta-
tistical analysis was performed by determining 95% confidence
intervals (12).

Consistent with previous work, planktonic growth was not
found to be conducive for conjugation/mobilization (13); there
was no detectable transfer of either plasmid between strains of S.
aureus SH1000 in static broth culture (frequencies of �5 � 10�9).
In contrast, under optimal standard filter mating conditions, we
recorded conjugation and mobilization frequencies of up to 6.1 �
10�5 and 4.5 � 10�6, respectively (Fig. 1A). Conjugation frequen-
cies in SH1000 biofilms were somewhat reduced (5.5 � 10�6)
compared with those of standard filter mating, while mobilization
frequencies were not significantly different (2.6 � 10�6) (Fig. 1A).
Mobilization efficiencies were 0.03 and 0.14 for standard filter
mating and biofilm cultures, respectively, suggesting that biofilm
growth conditions, compared to standard filter mating, are more
likely to permit simultaneous transfer of both pGO1 and pC223.
To confirm that our findings were not strain specific, we also de-
termined conjugation frequencies for transfer of pGO1 in plank-
tonic, biofilm, and standard filter mating cultures of the prolific
biofilm-forming strain S. aureus UAMS-1. For this strain, conju-
gation was found to occur at a low, but detectable, frequency in
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planktonic culture (2.7 � 10�8) (Fig. 1B). However, conjugation
frequencies achieved by standard filter mating or in biofilms were
considerably higher (up to �16,000-fold) than those seen with
planktonic cultures (Fig. 1B) and were comparable (filter mating,
4.4 � 10�4; biofilm, 1.9 � 10�4). Our results clearly demonstrate
that transfer of antibiotic resistance plasmids by conjugation and
mobilization is dramatically enhanced in biofilms compared with
planktonic cultures.

Since plasmid transfer occurred at similar frequencies under
standard filter mating conditions and in the static biofilm model,
we investigated whether standard filter mating involves the for-
mation of a biofilm. We first assessed conjugal transfer of pGO1
from S. aureus SH1000-D to a recipient strain incapable of form-
ing a biofilm (S. aureus SH1000�sigB-R); transfer of pGO1 from
SH1000-D was reduced ca. 9-fold compared to the wild-type re-
cipient (Fig. 1C). To further examine a potential role for biofilms
in standard filter mating, we evaluated the impact on conjugation
of applying biofilm-degrading agents (proteinase K and D-ty-
rosine [2, 14–16]) to filter mating experiments. Proteinase K di-
gests proteins that are crucial for the structural integrity of the
SH1000 biofilm (15), while D-amino acids appear to act as signal-
ing molecules that trigger dispersal of bacterial biofilms (16). Sub-
inhibitory concentrations of proteinase K (100 �g/ml in 20 mM
Tris HCl, 100 mM NaCl) or D-tyrosine (100 �M in water) were
applied dropwise (40 �l) to the filter cultures immediately after
inoculation and then every 24 h. These agents reduced pGO1
transfer by 9-fold (proteinase K) and 23-fold (D-tyrosine) in
SH1000-D/SH1000-R filter-based cultures (Fig. 1C). In contrast,
neither of these agents reduced the frequency of conjugation in
planktonic cultures of S. aureus UAMS-1 (data not shown). These
observations suggest that standard filter mating achieves optimal
conjugation in part as a consequence of biofilm formation on the
filters.

In summary, S. aureus biofilms dramatically increase the fre-
quency of plasmid transfer events by both conjugation and mobi-
lization, thereby promoting horizontal spread of antibiotic resis-
tance determinants. This phenomenon probably results, in part,
from the close cell-to-cell contact occurring in the biofilm and the
fact that the biofilm matrix may act to stabilize contacts between
neighboring bacteria. Together with the fact that staphylococci
resident in biofilms show elevated mutation frequencies to anti-
biotic resistance (2), this observation identifies biofilms as a priv-
ileged environment for the emergence and spread of antibiotic
resistance in S. aureus. Given the importance of improving the
treatment of biofilm-related infections (e.g., device-related infec-

TABLE 1 S. aureus strains used in this studya

Strain Comments Selection Source

SH1000 Standard laboratory strain None 9
SH1000-D SH1000 strain containing plasmid pGO1 GEN (5 �g/ml) This study
SH1000-R SH1000 strain resistant to NOV and RIF NOV/RIF (5 �g/ml) This study
SH1000�sigB Spontaneous sigB mutant of SH1000, deleted for nucleotides 650–770 of sigB; unable to

form a biofilm.
None Our unpublished

data
SH1000�sigB-R SH1000�sigB strain resistant to NOV and RIF NOV/RIF (2/5 �g/ml) This study
SH1000-MD SH1000 strain containing plasmids pGO1 and pC223 GEN/CHL (5/10 �g/ml) This study
UAMS-1 Prolific biofilm-forming strain None 11
UAMS-1-D UAMS-1 strain containing plasmid pGO1 GEN (5 �g/ml) This study
UAMS-1-R UAMS-1 strain resistant to NOV NOV (2 �g/ml) This study
a Abbreviations: D, donor; R, recipient; MD, mobilization donor; GEN, gentamicin; NOV, novobiocin; RIF, rifampin; CHL, chloramphenicol.

FIG 1 Frequency of plasmid transfer between staphylococci under different
culture conditions. (A) Conjugation frequencies of pGO1 from S. aureus
SH1000-D to SH1000-R (gray bars) and mobilization frequencies of pC223
from S. aureus SH1000-MD to SH1000-R (white bars). (B) Conjugation fre-
quencies of pGO1 from S. aureus UAMS-1-D to UAMS-1-R. (C) Conjugal
transfer of pGO1 between strains of S. aureus by standard filter mating under
conditions that reduce biofilm growth. Abbreviations: PRO K, proteinase K;
D-TYR, D-tyrosine, B�:B�, biofilm-proficient donor and recipient; B�:B�,
biofilm-proficient donor and biofilm-deficient recipient. Error bars indicate
95% confidence intervals. Data are the means of six experimental replicates.
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tions, chronic wounds), the development of therapeutic ap-
proaches to prevent and eradicate biofilms is an area of active
research (17). Our findings suggest that the development of effec-
tive antibiofilm approaches would not only enable improved
treatment of biofilm-related infections but may also potentially
offer benefits in slowing the rate at which antibiotic resistance
emerges and spreads in patients.
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